Abstract-A number of studies discuss the design and control of various exoskeleton mechanisms, yet relatively few address the effect on the energy expenditure of the user. In this paper, we discuss the effect of a performance augmenting exoskeleton on the metabolic cost of an able-bodied user/pilot during periodic squatting. We investigated whether an exoskeleton device will significantly reduce the metabolic cost and what is the influence of the chosen device control strategy. By measuring oxygen consumption, minute ventilation, heart rate, blood oxygenation, and muscle EMG during 5-min squatting series, at one squat every 2 s, we show the effects of using a prototype robotic knee exoskeleton under three different noninvasive control approaches: gravity compensation approach, position-based approach, and a novel oscillator-based approach. The latter proposes a novel control that ensures synchronization of the device and the user. Statistically significant decrease in physiological responses can be observed when using the robotic knee exoskeleton under gravity compensation and oscillator-based control. On the other hand, the effects of position-based control were not significant in all parameters although all approaches significantly reduced the energy expenditure during squatting.
strategies for detecting user intentions were proposed. Highly invasive strategies, that detect user intentions through the central or peripheral nervous system were demonstrated on primates to control a robotic manipulator [5] . Slightly less invasive are approaches based on surface electromyography (EMG) [6] . The user intentions can be correlated with his/her EMG data using either model-based approach [7] or model-free approach [8] . EMG was also used for the control of the HAL-5 exoskeleton device in prediction of the motion [9] and for adjusting the impedance around the knee joint [10] . An effective fuzzy-neuro controller to automatically control an exoskeletal shoulder robot with EMG signals of the human shoulder muscles was proposed in [11] . Petrič et al. [12] show how EMG measurements can be applied for the control of periodic tasks.
Noninvasive methods, on the other hand, use different force and contact sensors to control the device [2] . Several control methods have been applied using noninvasive methods, for example, [13] discusses a controller which uses inverse dynamics of the exoskeleton as a positive feedback controller so that the loop gain approaches unity, but requires a very accurate model of the system. Banala et al. [14] , on the other hand, propose just gravity compensation. Ronsse et al. [1] , [15] propose a method based on adaptive frequency oscillators. The method is only applicable for periodic tasks. In this paper, we propose and evaluate a similar yet considerably modified method of controlling a robotic knee exoskeleton.
Simultaneous frequency extraction and waveform learning allow filtering of a measured signal with predicting and estimating the output in real time, without delays between the input and the output. Few systems allow simultaneous frequency extraction and waveform learning [16] . For example, Righetti et al. [17] propose a system with pool of adaptive frequency oscillators in a feedback loop. A similar approach was used for the first layer of a two-layered movement imitation system [16] . A novel design of the first layer introduced in [18] uses a single oscillator followed by a complete Fourier series approximation with a built-in algorithm to determine the Fourier coefficients. In the paper, we test the applicability and the effectiveness of this approach on a robotic knee exoskeleton when performing periodic squatting. As a measure of effectiveness, we compare the metabolic cost of an able-bodied user for the given task without and with assistance of the robotic knee exoskeleton. Additionally, we compare our approach with two other control approaches: gravity compensation approach and position control approach.
Metabolic cost of the user is one of the possible criterions for the effectiveness of an assistive device. As stated in [2] , a comparison of metabolic power between performing a task with or without an exoskeleton is a good determinant as to whether there is any energetic advantage of using the device. Other criterions exist, for example, [14] used EMG to evaluate the performance of a leg orthosis, while [19] used it to measure the effectiveness of an elbow exoskeleton. Changes in oxyhemoglobin and deoxyhemoglobin concentration in the working muscles have also been proposed [20] .
The review by Dollar and Herr [2] also states that surprisingly few instances of qualitative evaluation of the effectiveness of the exoskeleton have been reported. Walsh et al. [21] estimated the metabolic cost of a quasi-passive leg exoskeleton for load carrying augmentation. Even though the exoskeleton largely supported the payload during the single support phase of walking, a 10% increase of the transport energy cost was noted compared to a conventional loaded backpack. The added mass and the kinematic constraints imposed on the wearer were concluded to be the dominant cause. While the exoskeleton device in [21] was mobile, several therapeutical and not standalone devices exist, i.e., the Locomat [22] or the Lopes [23] exoskeleton. A study of the energy expenditure while walking on a treadmill and using the Locomat for assistance by Krewer et al. [24] showed an increase in the oxygen consumption, which is one of the main physiological parameters associated with the metabolic cost. Ronsse et al. [1] published results of a study on the Lopes nonportable exoskeleton. In a detailed study about the effects of various levels of assistance from the device on the metabolic cost, they also reported an increase in the metabolic cost of the participants.
On the other hand, powered ankle exoskeletons have been shown to reduce the metabolic cost of walking [25] . Similarly, Lenzi et al. [26] have shown a reduction of muscle effort using a stationary powered exoskeleton for hip activation. Single joint exoskeletons, such as the ankle and knee exoskeletons, focus on the muscles that provide significant parts in the total mechanical power needed in everyday activities, such as walking, ascending, and descending stairs and getting up from a chair [27] , [28] , [29] . Several notable knee exoskeletons and wearable orthoses were developed in the past [3] , for example, Yobotics, Inc. from Cincinnati, Ohio developed a robotic knee exoskeleton that assists in stair climbing and squatting during the load-carrying tasks [30] . Tibion Corporation from California developed a knee orthosis for rehabilitation [31] .
The goal of our research was to investigate: 1) whether an exoskeleton device effectively contributes to the energetics of the human motion; and 2) whether the choice of the control strategy affects the physiological responses. Three control strategies were implemented and evaluated on a knee exoskeleton that was specifically built for this research study. In order to quantitatively determine the contribution of the exoskeleton, we measured and determined heart rate, oxygen consumption, minute ventilation, blood oxygen saturation, EMG, and metabolic cost of the participants wearing the exoskeleton.
The paper is organized as follows: In Section II, we describe the study design. In Section III, we describe the evaluated exoskeleton control approaches with an emphasis on the oscillatorbased approach. Section IV gives the results while Section V discusses on the possibilities and impact of the given study. A conclusion is given in Section VI. We performed a randomized cross-over designed study that compared the effects of the robotic knee exoskeleton on the metabolic cost of the squatting under three different control approaches.
A. Participants
Seven healthy young males volunteered to participate in the study. The participants were informed about the procedure before the experiments and the free informed consent was obtained from all. Table I shows baseline participant characteristics.
B. Procedures
The participants were asked to perform four 5-min series of periodic squatting. After a referential series without the exoskeleton (free), but with all other sensors and markers attached (see Section II-C), the participants performed the other three series, each using a different control approach (gravity compensation, position based, oscillator based) in a randomized order. The randomization of the knee exoskeleton series allowed for appropriate comparison between the tested control approaches.
Each participant was asked to individually warm up before the start. The squatting series began with a 2-min rest period, used for the measurement of the resting cardiorespiratory values. The participant then performed periodic squatting for 5 min. Squatting was defined as going from a fully extended posture (0 • in the knees) to a low yet still comfortable squat (at least slightly over 90
• ), and back. The participant was asked to maintain the frequency of the squatting at 1 squat/2 s, where either a metronome or the predefined movement of the knee exoskeleton (see Section III-B) was used for the reference. In order to prevent possible injuries from falling on the back, because the device was attached to the frame in the ankles, the participants were asked to put their hands on top of a railing (see Fig. 1 ) and grab the railing in case of emergency. The participants were instructed before the experiments and constantly reminded during the experiment not to grab the bar but to only lightly touch it with their palms open. Further, to exclude the possible influence of the bar and the light touch phenomenon [32] on the measurements, the participants had to lightly touch the bar in all experiments, including when they performed squatting movements without the help of the knee exoskeleton (free). Each squatting series ended with a 2-min rest period in an upright position to measure the recovery kinetics of the cardiorespiratory values.
Before the next squatting series the participants rested for at least 1.5 h after the first series (free) and at least an hour after each of the following series. Following the last series, the participants were asked to rank the control approaches from the most to the least helpful.
C. Measures and Methods
The measured physiological variables were oxygen consumption (V O 2 ), minute ventilation (V E ), heart rate (HR), and blood oxygen saturation (SpO 2 ). V O 2 and V E were measured using a portable metabolic cart (K4 b 2 , Cosmed, Italy) while HR and SpO 2 were measured with the WristOx 3100 Pulse Oximeter (Nonin Medical, USA).
We determined the energetics of squatting using metabolic equivalent of task (MET), which is a physiological measure expressing the energy cost of physical activities [33] . MET indexes the intensity of activities, where MET value of 2 requires twice the energy an average person consumes at rest. MET is calculated from oxygen consumption so that 1 MET = 3,5 mlO 2 /kg/min.
To assess an approximation of the overall muscle effort during squatting, we measured EMG of the Vastus Lateralis muscle on both legs, rectified the signals, and finally integrated them over the sliding time slice that corresponded to the duration of one squatting motion (2 s). The EMG signals were recorded using the surface electrodes and the DataLog (Biometrics Ltd.) data acquisition device. The integration of the EMG was carried out in MATLAB.
Joint angles and torques of the exoskeleton were determined using the encoders and the motor-current measurements, respectively.
We also measured kinematical and dynamical aspects of motion using the contactless motion capture system and force plates. These are not discussed in this paper. Initial results of these aspects are presented in [3] .
One-way ANOVA statistical analyses were performed to determine significant differences in responses of separate squatting series. Multiple comparison procedure using the Tukey-Kramer criterion was applied to examine possible significant differences in the power consumption of the device. The alpha level of significance was set a priori at 0.05.
D. Robotic Knee Exoskeleton
We designed a prototype robotic knee exoskeleton mechanism for both legs of the user. Each exoskeleton leg has one active rotational degree of freedom in the knee and a passive ball joint in the ankle. The ankle joint of the exoskeleton was attached to the supporting frame, so the user did not have to carry the mechanism. The ankle joint was relatively loose and allowed the device to rotate with the leg of the user.
Four velcro straps on each leg were used to attach the mechanism to the user. The coupling was made more rigid by additional crossbars behind the thigh, in front of the knee, and behind the calf.
Each leg of the device was actuated with a 200 W, 36-V dc electrical motor (Maxon RE50, 370955), followed by a transmission with a gear ratio 113. The combination allowed a theoretical maximal continuous torque of 47.23 N·m, which matches the mean value of the maximal knee flexion/extension torque for the bodyweight squats as reported in [34] . An external power source was used. The device can be seen in Fig. 1 , which shows a participant performing squatting movement with the attached device.
III. EXOSKELETON CONTROL APPROACHES
We evaluated the effects of three control approaches on the metabolic cost of squatting. The control approaches were gravity compensation approach, position-based approach, and a novel oscillator based approach.
A. Gravity Compensation Control Approach
In general, the gravity compensation approach compensates the weight of the mechanism itself and the load it is carrying, so that the applied joint torques statically support the mechanism holding a load in its current configuration. In our case, the robotic knee skeleton was supporting itself and the participant body weight. Only a part of the participant's body weight was compensated due to the limited torque output of the device.
When the robot kinematics is known in advance, the calculation of the gravity compensation torque is usually analytically and computationally undemanding. The kinematics of the robotic knee exoskeleton is defined as shown in Fig. 1 . We assume that the thigh and the shin are roughly the same length d. The simplified gravity compensation torque τ is then defined with
where m is the mass above the knee and g is the length of the gravity vector. The term q/2 ensures that the device outputs the maximal torque when the knee is fully flexed. Note that only the knee joints of the mechanism are actuated and that the participant has to maintain stability with the ankles. Since the mechanism cannot output enough torque to completely compensate the participant's weight and only a part of Fig. 2 . Control schemes for all three control approaches. τ h denotes the human torque, τ is the device torque, and q is the actual knee joint angle. Left: Gravity compensation approach control scheme. Middle: Oscillator-based approach.q is the estimated knee joint angle. Right: Position control approach control scheme. Note the control loop with the referential joint angle q d . the weight is compensated, (1) derives into
Here, τ n = 47.32 N·m is the nominal continuous motor torque, m i is the mass of the ith participant, and m n = 85 kg is the nominal mass of the participants, i.e. the mass of the heaviest participant. In this case, the output torque is zero (τ = 0) when q = 0, i.e., when the leg is fully extended. The output torque is equal to nominal torque (τ = τ n ) when the leg is fully flexed (q = π). The gravity compensation control scheme is shown in Fig. 2 , left. With this approach the device is always trying to extend the knee, even when the user is trying to perform a squat. Since the mechanism is back drivable, it reacts to external torque, i.e., the mechanism complies if an external torque is greater that the output torque of the motor, for example, when the participant uses its weight to push it down.
B. Position-Based Control Approach
As the name suggests, the position control approach uses a positional feedback loop, as shown in Fig. 2 , right. The controller is given by
This way the motor outputs the maximal torque when the knee joint position error reaches the nominal value q n , set at q n = 10
• . Since the output is the torque and the feedback is position, the device acts in a compliant way. This control approach tries to ensure that the joint angle position follows the desired position, in the experiments given with a sinusoidal curve. The human must, therefore, synchronize to the periodic movement of the device and not vice versa.
C. Oscillator-Based Control Approach
The oscillator-based approach relies on an adaptive frequency oscillator to determine the frequency of the squatting movement and estimates the required helping torque. Instead of a pool of adaptive oscillators in a feedback loop as in [17] , and using a logic algorithm to determine the basic frequency Ω as in [16] , we used a single oscillator in the loop, combined with an adaptive Fourier series [18] . By determining the basic frequency of squatting Ω, we predicted the joint positionq, and reproduced the desired torque waveform with a torque estimator. Fig. 2 , middle, shows the control scheme.
The adaptive frequency oscillator-based joint position estimator is governed byφ
where φ is the phase of the oscillator, q is the input signal (the knee joint angle), and K (positive constant) is the coupling strength (see [18] for parameter settings). e is the input into the oscillator, determined with a difference between the actual (q) and the estimated joint position (q). Since there is only one oscillator, the frequency Ω and phase φ are clearly defined. The estimated joint positionq is determined by the adaptive Fourier seriesq
(α c cos(cφ) + β c sin(cφ))
with M defining the size of the series. The amplitudes associated with the terms of Fourier series are determined bẏ
where η is the learning constant and c = 0 . . . M. We used the following parameter values: η = 2, K = 20, and M = 10. The parameters were determined empirically. In general, this structure acts as a state observer, in the sense that it acts as a filter to smoothen the input signal. Unlike the conventional filters, this adaptive oscillator is able to predict and estimate the output in real time, without delays between the input and the output. The only constraint is that the signal needs to be periodic or pseudoperiodic [18] . Approaches for determining the onset of periodic behavior, such as walking, are being explored [35] .
This method estimates and predicts the knee joint angleq, and outputs an estimated torque τ given bẏ
where K p is a positive constant and u is given by Relative changes in the average V E of the participants during different squatting series using the exoskeleton, compared to free series. * denotes significant difference between free and both gravity and oscillator approaches. (c) Relative changes in the average HR of the participants during different squatting series using the exoskeleton, compared to free series. * denotes significant difference between free and both gravity and oscillator approaches.
When the knee joint velocity isq > 0, i.e., in the first half of the squat (when going down), the helping torque is lower than when going up. This is also the main difference in comparison to the gravity compensation approach. Contrary to the position control approach, where the participants have to synchronize to the predefined periodic movement, here synchronization takes place between the neuromechanical oscillator, which is actually driving the joint and the artificial oscillator providing the assistance, similar as in [15] . The artificial oscillator also continuously adapted to the frequency and trajectory of the participants's squatting motion, e.g., the oscillator-based control approach always tries to adapt to the movement of the participant and not vice versa.
IV. RESULTS

A. Physiological Responses
Tables II-IV list the measured V O 2 , V E , and HR responses, respectively. Fig. 3 shows relative changes in the measured V O 2 , V E , and HR during the series with the knee exoskeleton compared to the Free series. The relative differences are expressed as percentage change from the Free series. Fig. 4 shows the average SpO 2 values and standard deviations.
Statistical analysis has shown that for V O 2 , shown in Fig. 3 (a) and Table II , there is a significant difference (p < 0.01) between not using the knee exoskeleton (free) and using the knee exoskeleton in the third, fourth, and fifth minutes and in the recovery phase, regardless of the used control approach. Statistically, no difference can be observed between the three control approaches.
V E , Table III and Fig. 3(b) , is significantly different (p < 0.01) between free and both the gravity and the oscillator control approaches in fourth and fifth minutes and in the recovery phase, while no significant difference can be found between free and the position approach. Table IV shows absolute HR results while Fig. 3(c) shows relative HR results compared to free, that were significantly different (p < 0.01) between free and both gravity and oscillator control approaches from the second minute onward, while no significant difference was found between free and the position approach.
No differences were noted in SpO 2 , as shown in Fig. 4 . The results show that from a cardiorespiratory point of view, using the robotic knee exoskeleton for squatting significantly reduces responses if the device is using either the gravity compensation or the oscillator-based control approach. On the other hand, no significant difference can be determined between these two methods. Using the knee exoskeleton in position control mode significantly reduces oxygen consumption (VO 2 ) with respect to not using the device (free), while other parameters are not significantly affected. Fig. 5 shows the average metabolic rate as expressed by MET for the squatting task without the robotic knee exoskeleton (free) and with all three control approaches. All three control approaches are significantly different (p < 0.05) in 3-5 min, while no significant difference can be observed between the approaches. Fig. 6 shows the overall muscle effort during squatting for one of the participants. While the results for this particular participant appear similar to physiological responses of all participants, statistically the results were inconclusive.
B. Device and Control Approach Responses
An important aspect of the interpretation of the physiological responses is the behavior of the robotic knee exoskeleton under different control approaches. Fig. 7 shows the exhibited joint torque τ as a function of the knee joint angle q for all three control approaches for a single participant. The plots are very similar for all participants. In the case of gravity compensation control approach (leftmost plot), the torques τ are linearly dependent on the joint angle q, which implies that the approach does not depend on the motion of the participant. The exact opposite is the position control method (rightmost plot), where a user, given a predefined movement trajectory, is unlikely to synchronize to the device perfectly. As shown in the position plot, the joint torques τ are spread over the whole range of joint movement, which indicates that the participant did not reach a steady state. On the other hand, the oscillator plot (middle) shows that as a function of joint angle q, joint torques τ are in the form of a hysteresis. This indicates that the oscillator-based approach output torque τ can successfully adapt to the human movement. For example, when the participant extends the knee, the torque produced by the oscillator-based method is almost identical to the torque produced by the gravity-based method. On the other hand, when the participant flexes the knee (going down), the torque produced by the oscillator-based method is reduced, which eventually reduces the user's effort, as there is no need to press hard on the device to flex. A slightly spread torque on the hysteresis in the oscillator plot is a consequence of the predictive nature of the oscillator (for details see [18] ).
The success of the oscillator-based approach relies on an accurate and rapid extraction of the movement frequency. The top plot in Fig. 8 shows the results of frequency extraction from the measured joint angle q. The extracted frequency quickly adapted to the input signal and stable motion was achieved, i.e., the target frequency was 1 squat/2 s (0.5 Hz or π rad/s). In the bottom plot of Fig. 8 , we can see the error e between the input signal q and the estimated signalq (6) . After reaching the steady state, at roughly 15 s, the error oscillates around 0 o and remains below 5 o , depicted with dotted black lines. Frequency extraction results in Fig. 8 also indicate successful synchronization between the neuromechanical oscillator (participants's nervous system) and the adaptive frequency oscillator (4)- (9) . Note that a stable synchronization of the adaptive oscillator was achieved by all participants, while not all of the participants were able to maximize the assisting torque under the position-based approach. This is indicated by the scattered data in position plot in Figs. 7 and 9, which show a square of joint position error (q d − q) for two participants, chosen to show the possible extremes. Note that the scale on the y-axis of the bottom plot is 2 order lower. The plot for participant A shows that the error between the desired joint position (q d ) 2 and the actual joint position q was considerable, which resulted in the high assisting torques. Participant B, on the other hand, did not exploit the device torque-the error was minimal and assisting torque, linearly dependent on the error (3), was small.
V. DISCUSSION
Although squatting is a common task, periodic squatting can only serve as a rough approximation of walking. Mainly because it is metabolically considerably more demanding than walking, yet kinematically quite simpler. However, many activities in everyday life demand similar movement, for example, getting up from a chair, picking something up from the floor or ascending/descending stairs. The latter also requires dissipation of the energy (negative work) when going down, which imposes additional demands on the design of a robotic exoskeleton. From the point of view of the listed tasks, periodic squatting can be considered as walking over a (very) rough terrain. The high metabolic demand also allows efficient testing as fatigue sets in relatively fast. Fig. 10 shows the summed measured force response of Kistler force plates under a participant when squatting without the device (in magenta color) and the envelopes of all four squatting series. Fatigue is clearly seen in the envelope of the free series measured forces. The presented envelope plots resemble physiological responses plots, for example, in Fig. 5 . The force data depicts the force under the participant and not the force the knee exoskeleton exerts to the ground.
Our results show that using the robotic knee exoskeleton significantly reduces physiological responses during squatting if an appropriate control approach is applied. Moreover, the average MET is reduced under all control approaches. Based on the results one could conclude that an exoskeleton mechanism will definitely reduce the metabolic cost. While studies on metabolic cost when using an exoskeleton mechanism for carrying loads, e.g., [21] , [36] , or a stationary mechanism for walking [1] have shown an increase in the cost, some critical differences in the design of the studies can account for the different results. A part of the difference can be attributed to the fact that the participants did not have to carry the exoskeleton with them, as squatting does not demand lifting of legs and no single-leg support phase takes place. Second, the movement was kinematically and dynamically not as complex as bipedal walking and, therefore, the helping torque that the device exerted was more easily targeted to produce the maximal effect on the user. The participants also lightly touched a safety railing during the experiments. This could potentially affect the balance and, therefore, influence the physiological responses [32] . The effect was minimized by observing the same safety protocol in all four squatting series, including the free series and the light touch, therefore cannot be the reason for the observed differences in the physiological responses.
The data obtained from using different control approaches have shown that even in a very targeted task, such as squatting, the reduction in some of the physiological responses greatly depends on the type of the knee exoskeleton control. Significant differences in all the measured physiological responses occur when the device is used with either the gravity compensation or the oscillator-based approach. On the other hand, the use of the knee exoskeleton with the position control approach, as defined in this paper, does not statistically significantly reduce the heart rate and/or the minute ventilation. Position control approach requires the participant to adapt the motion in order to take full advantage of the device, see Fig. 9 . A few adaptation trials could potentially lead to adaptation of the participants, which could have an effect on the physiological responses. This points out at an undesired property of the control approach, which requires training. This was not the case with the other two approaches. Oxygen consumption and MET results show that no matter which control approach is used an exoskeleton significantly reduces both. Overall muscle effort, assessed with EMG integration in a sliding window, were inconclusive. No common trends were observed in the responses for different participants. This can be in large part attributed to the properties of surface EMG measurements prone to high levels of the noise and depend on many factors, such as skin conductivity, sweating, and placement. Nevertheless, Fig. 6 shows responses which completely coincide with other physiological responses. Fig. 11 shows the system average power/weight ratio for all three control approaches. The bars represent mean values and Even though the number of participants was 7, the cross-over study design and one-way ANOVA analysis allow us to clearly and objectively define the differences between the squatting series. When asked to subjectively rank the control approaches from the most to the least helpful, four out of seven participants ranked the gravity compensation method as the most helpful, while two thought the oscillator-based method helped them the most, and one preferred the position-based method. Participant control approach ranking is presented in Table V . The results of the survey roughly coincide with the measured physiological responses, and the measured energy consumption of the device, which both found that gravity compensation and oscillator-based approaches provoked similar responses, while position-based method was slightly different.
VI. CONCLUSION
Collectively, our data show that a robotic knee exoskeleton device can significantly reduce the metabolic cost of a periodic task, in our case squatting. Moreover, we have also confirmed the hypothesis that a choice of an exoskeleton control approach significantly affects the users physiological responses.
Our proposed oscillator control approach, based on an adaptive oscillator combined with an adaptive Fourier series, allows the user to easily and in a natural way synchronize with the robotic knee exoskeleton and, thus, significantly reduce the metabolic cost of squatting. Both oscillator based and gravity compensation control approaches induced similar responses.
With a relatively simple task of squatting, where the assisting torque could easily target the acting muscles, the metabolic cost results have shown a great promise for the robotic exoskeletons.
